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NOMENCLATURE

CL - panel length

CI_¢. - speed of sound

- panel deflection @ depth d.
1

- _1_

- modal amplitude

- panel width

- modal amplitude

- transformed _

C_ - coefficient of viscous damping

A - cavity depth

- incremental cavity depth

- pickup separation

0 - panel stiffness

¢ - frequency (rad./sec.)

- panel thickness
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- spring coefficient

- non-dimensional frequency

- non-dimensional frequency @ d =

v_ - panel mass

- critical damping coefficient

- fluid pressure, cavity flow

- cavity pressure @ depth d.
1

- transformed pc- p_co

- ea/ oP

_k_e_.J, er_ - external pressure loading

Qc
_¢vx%

Sc

t

- non-dimensional panel deflection

- generalized aerodynamic force

- generalized external force

- to-¢/o "

- time

- panel deflection

- spatial coordinates

vii



_v_ - amplitude of mth pulse

_c

"V

%

- damping

= panel deflection

- differential operator

- damping ratio @ d.
I

- damping ratio of n th mode

- %1_

Z

- Poisson's ratio

- x/a

- air density

- cavity density

- dummy S
c

- velocity potential

viii



- modal amplitude

- transformed ¢ _i

- modal functions

th
- frequency of n mode

frequency @ depth d.
1

iX



I. INTRODUCTION

1.1 Reason for Interest

The subject of sound transmission through a flexible wall

has received much attention in the past few years. In particular,

much of this interest has centered around the effect of a cavity

on the vibrations of a panel. This investigation is concerned

with a somewhat simplified geometry, that of a rigid rectangular

cavity with one flexible wall, and with a somewhat simplified

exciting force, that of a sinusoidal acoustic driving force. See

Figure I.

One reason for the interest in this problem is its application

to various other problems of a more practical nature. Two main

problems that exist are the response of aircraft skin panels to

boundary layer turbulence, and the response of rooms to vibrations

of the walls. Wings (and fuselages) are constructed in such a way

that there exists a shallow cavity between the upper and lower

surfaces of the wing. Although the wing problem is very complex

due to the irregular cavity shape and due to the random flow over

both surfaces of the wing, a consideration of the simplified problem

being discussed here will give some insight into the more complex

problem of wing response. Likewise, the response of rooms to

vibrations of the walls is also a complex problem, even if the room

is rectangular. Aside from the obvious complexity of having all

the walls of approximately the same stiffness and therefore all
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deflecting similarity under the influence of an acoustic driving force,

one must confront the problem of windows and doors, and also the

location of other rooms with respect to the room being analyzed.

However, again, the simplified problem that is considered here will

give some insight into the more complex problem of room response.

1.2 Analytical Techniques

Although the wing problem and the room problem seem similar,

the usual method for the theoretical analysis of each of these

problems is very different. Morse and Ingard (1) have shown that

for cavities that are smaller than, or of the same size as, a

wavelength of the exciting force, the analysis is done in terms of

the normal modes of the system. This is the case in the wing problem,

where frequency components whose wavelengths are on the order of

the size of the airfoil thickness are often encountered. Inherent

in an analysis of this problem is a concern for the coupled nature

of the system: the panel is first excited by some sort of pressure

wave; the resulting motion of the panel produces an acoustic, or

pressure oriented, disturbance in the cavity which in turn creates

a back pressure that effects the motion of the panel. However,

for cavities that are much larger than a wavelength, as in the room

problem, it might be more convenient to use geometrical acoustics

and follow the "rays" of sound as they bounce back and forth in

the cavity.

There is one case, however, that has recently generated much

concern in which one uses the modal techniques to solve for the
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response of rooms. This special case is the response of rooms to

a sonic boom, or "N-wave" excitation. Studies by NASA (2'3) have

indicated that the period of such an N-wave is on the order of

0.1 second. Thus, the wavelength of such a pulse is on the order

of I00 ft., which is well above most room dimensions. Since, in

the present analysis, we will be dealing with frequencies whose

wavelengths are on the order of the cavity size, given the proper

external pressure field, one could predict the response of rooms

to a sonic boom type excitation. Therefore, although the model

being considered is very simplified compared to most of the real

problems that exist, this model could be used as a starting point

for these more complex problems.

Numerous authors have examined the problem of sound transmission

using one of the methods outlined previously to obtain theoretical

results. Experimental results, however, are sadly lacking. Aside

from Dowell and Voss '(4) wind tunnel experiments concerning the

flutter of flat plates, and acoustical experiments by Pretlove and

Craggs (5) , there has been little experimental data to verify existing

theory. Furthermore, most of the experimental data that were

obtained were frequency oriented, i.e., dealing with cavity effects

on panel natural frequencies, with very little work done concerning

panel amplitudes or cavity pressures as a function of cavity depth.

It is one of the purposes of the present experimental work to present

a fuller range of data than has been obtained previously.
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1.3 Cavity-Panel Interaction Effects

Before discussing the experimental program, it will be beneficial

to outline some of the main effects that have been noted in previous

work of the type under discussion here. First, at shallow cavity

depths, the coupling between panel modes becomes unimportant. (4)

When this coupling does occur, significant changes from the panel

"in-vacuo" mode shapes maybe produced. For example, the coupling

between the first and third panel modes is significant. See Figure 2.

As the cavity depth decreases {a/d + _), the panel fundamental mode

forms two modal lines and takes on many of the characteristics of

the third panel mode. The effect on the third panel mode is similar.

As the cavity depth decreases (a/d + _), the third panel mode loses

its two nodal lines, and takes on some of the characteristics of the

panel fundamental mode. The coupling between higher panel modes is

, similar to the coupling between the first and third panel modes.

Also noted previously were the effects of cavity depth on panel

natural frequencies. For the panel fundamental mode and the higher

symmetric modes, the effect of decreasing cavity depth is increasing

panel natural frequencies, the so-called "stiffness effect". This

effect is not present in the antisymmetric modes. In the antisymmetric

modes, just the contrary is true: the effect of decreasing cavity

depth is decreasing panel natural frequencies, the so-called

"virtual mass effect". These two effects have been studied and can

be explained fairly easily. {6'7'8)

The virtual mass effect is due to the air within the cavity
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acting as an additional mass on the panel. This additional mass

causes a decrease in the natural frequencies of all of the panel

modes, not just the antisymmetric modes, as the cavity depth is

decreased. However, this additional mass is small compared to the

panel mass, and thus the effect is small.

The stiffness effect is due mainly to the compressibility of

the air within the cavity. In the case of the panel fundamental

mode, or any symmetric panel mode, as the panel oscillates, it

forces the air in the cavity downward and, in effect, produces a

volume change in the cavity. See Figure 3. The air in the cavity

due to its compressibility, acts as an aerodynamic spring and thus

stiffens the panel. Since the panel frequencies are directly

related to the stiffness, this increasedstiffness causes an increase

in the frequencies of the symmetric panel modes.

For the antisymmetric panel modes, there is no net volume

change as the panel oscillates. See Figure 4. Therefore, the

stiffness effect is not present for the antisymmetric panel modes,

and thus the only effect present for these modes is the virtual

mass effect, even though it is small. Since the influence of the

virtual mass effect is small, the stiffness effect is the main

effect acting on the symmetric panel modes, even though the virtual

mass effect is present.

Thus, in review, there are two main cavity effects acting on

the panel: the stiffness effect and the virtual mass effect. The

virtual mass effect is present in all panel natural modes and is

due to the mass of the air within the cavity; whereas, the stiffness
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effect is present only in the symmetric panel modes and is due to

the compressibility of the air within the cavity. Both of these

effects vary the natural frequencies of the panel and cause intermodal

coupling at shallow cavity depths. (4'S)

The final effect to be considered is the effect of frequency

and cavity depth on the damping ratio of both the panel and the

cavity. The interaction effects on panel and cavity damping ratios

have not been investigated previously, however, some insight may

be gained by considering the panel and cavity separately. Theoretically,

for damping that is proportional to panel velocity, the damping ratio

of the panel varies as the inverse of the frequency. (9)

To see this result more clearly, consider a one dimensional

plate with velocity damping:

and assume

then one obtains

where

it d+_ _

_ CD
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and

/ ,

Since 8 is assumed constant, then, by taking the ratio of the

th
damping ratio of the n

frequency one obtains :

natural frequency to the fundamental

_ COl

Thus, the damping ratio varies as the inverse of the frequency

for a panel with velocity damping. Other types of damping are

discussed by Dugundji. (9)

There has been very little work done in the area of cavity

damping. Most analyses have been concerned with cavity damping in

the time domain, whereas the main consideration in this report is

cavity damping in the frequency domain. Sheshadri (10) has presented

a fairly concise evaluation of the damping of Helmholtz resonators.

His analysis discusses damping due to the low frequency movement

of air in the neck of the resenator. By considering the damping

due to viscous losses, radiation losses, heat conduction losses,

and other losses such as mechanical wall vibrations and gaseous

absorbtion due to thermal relaxation, the net damping ratio was

computed to be
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where A is the area of the neck and L is the length of the neck.

Since the present analysis is concerned mainly with relatively

high frequency damping, the usefulness of Sheshadri's equation is

questionable. However, Sheshadri's analysis does form a basis

to which the damping results in this report can be compared.

For additional panel and cavity calculations, the reader is referred

to References 11, 12, 13 and 14.
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II. EXPERIMENTAL PROGRAM

2.1 Experimental Arrangement

As with any experimental program, this research had as its

goals the verification of existing theory and experiment, and the

possible formulation of a new, perhaps more complete, theory.

The experimental arrangement used to accomplish these goals is

shown in Figure S.

The panel was a I0" x 20" x 0.OS" aluminum alloy plate that

was bonded onto a rectangular frame consisting of aluminum channel

members welded together at their ends. By bonding the plate to

the cavity in this way, a clamped edge boundary condition was

approximated. A sealed cavity was constructed beneath the panel

in such a way that the cavity depth could be varied in 2 inch

increments from 12" to 2" deep. In order to vary the cavity depth,

the cavity was built in sections. Each 2 inch section of the

cavity was bolted to the other sections with rubber gaskets between

them. The cavity itself was made of O.S" thick plexiglass and was

supported by four plexiglass "feet".

The panel was excited acoustically by a Wolverine LSIS, 20 watt

loudspeaker driven by a B _ K Beat Frequency Oscillator, type 1022.

The external sound field was set at i00 dB on the plate surface for

all measurements.

The use of a single speaker for panel excitation did present

some problems, particularly in coordinating theoretical work with this
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experiment. The ideal external sound field would have a constant

amplitude in space over the whole surface of the panel. By using

a single speaker, an external field distribution that was not

constant in space was obtained, but rather its amplitude was

approximately 9 dB lower at the point of maximum panel length,

and about 2 dB lower at the point of maximum panel width than

at the panel center. See Figure 6. Although this distribution

is not ideal, it can be approximated in a computer simulation to

obtain comparisons between theory and experiment. (15)

The panel-cavity system was placed on a laboratory bench

inside a specially designed acoustic chamber. This acoustic chamber

was designed to reduce the sound transmission from the laboratory

to the experiment, to reduce the sound transmission from the

loudspeaker into the laboratory, and thus, to isolate the experiment

as much as possible from extraneous noise.

The acoustic chamber was constructed of 1/2" plywood on a

frame made of 2" x 4" beams and was 7'8" x 8'0" x 7'6". The interior

wall of the chamber was lined with 24" x 48" x 1/2" acoustical

tiles on all four walls and on the ceiling. A nylon carpet with

backing was used on the floor of the chamber. Between the exterior

plywood walls and the interior acoustic tile walls, fiberglass

insulation was used to reduce the sound transmission further. The

room was placed on 1" thick felt blocks in order to reduce the

structural vibrations of the laboratory from exciting the acoustic

chamber. A 1 3/4" thick solid wood door was used in one wall and

was lined with acoustic tile on its inside face. A I0" x 12" x 1/4"
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double window made of plexiglass was used in the door to enable

observation from outside of the chamber. The use of a double

window reduces sound transmission through the window. See Figure 7.

Since the acoustic chamber itself is a cavity, it has its

own natural frequencies and normal modes. The fundamental frequency

of the chamber was measured experimentally to determine if chamber

acoustics would interfere with the experiment. The fundamental

frequency of the chamber was found to be 70 cps, which is below

the frequency range to be investigated (100 cps to 2000 cps). The

room resonances at the higher frequencies were of a sufficiently

low amplitude as to be of no significance. Therefore, chamber

acoustics were neglected in all measurements.

Initially, there were two basic measurements that were felt

to be important: the measurement of panel amplitude and the

measurement of cavity pressures due to a sinusoidal driving force.

As work progressed, however, the need arose for two more measurements:

the measurement of panel and cavity damping ratios. The reasons

for these latter measurements will become apparent later.

2.2 Panel Amplitude Measurement

The panel motion was measured by the use of a Bently Nevada

motion pickup, Model 302, that was mounted on an aluminum frame

located above the panel. The frame allowed movement of the pickup

to any point on the surface of the panel, and also allowed variation

of the distance between the pickup and the panel. Since the output

of the pickup depends on the distance from the pickup to the panel,
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this distance must be chosen carefully so as to stay within the

linear range of the pickup, and must remain constant throughout

the testing procedure. To insure that the static gap distance

did remain constant throughout the testing procedure, an oscilloscope

was used to measure this distance in volts and to set the static

gap before each run. As the panel oscillated, the voltage generated

by the motion pickup was fed through an amplifier and recorded

on a amplitude vs. frequency plot. Such a plot is shown in

Figure 8, for a cavity depth of 12".

For the measurement depicted in Figure 8, the motion pickup

was positioned at the center of the panel. By positioning the

pickup in this way, one may obtain deflection measurements for the

symmetric panel modes, i.e., the modes which have a peak at the

panel center, but not for the antisymmetric modes, i.e., those

modes with a node at the panel center. Notice that the dominant

features of the plot are the three resonant peaks, corresponding

to the first, third and fifth panel modes, occuring at 113 cps,

210 cps and 410 cps. Modes above the fifth mode have an amplitude

that is negligible compared to the first three symmetric modes.

Notice that, above 500 cps, the panel is essentially motionless.

Also notice that, by far, the dominant panel response is at the panel

fundamental mode, as is expected.

2.3 Cavity Pressure Measurement

The pressure, or sound level, within the cavity, when the panel

has been excited by the loudspeaker, was measured using a B & K I/4"
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microphone, Type 4136 with a Type 2615 cathode follower with

Type UA0035 connector. This microphone was installed in holes

that were drilled in the side of the cavity and that were plugged

up when not in use so as to insure a near leak-proof cavity.

These holes were spaced at cavity depths of 3", 5", 7", 9" and ii",

so that the pressure variation with cavity depth could be studied.

As with the panel motion pickup, the voltage from the microphone

due to excitation of the cavity was recorded on a amplitude vs.

frequency plot. Such a plot is shownin Figure 9, for a cavity

depth of 12".

For the measurementdepicted in Figure 9, the microphone was

positioned in the hole located at the 3" cavity depth level.

Since all theoretical calculations involve the cavity pressure at

a point just beneath the panel, the 3" depth level was chosen to

place the microphone as close to the undersurface of the panel as

possible. Notice that in Figure 9, the cavity pressure was plotted

against frequency, where this pressure is the difference between

the dB level inside the cavity and the dB level outside the cavity

on the upper surface of the panel. Again, the dominant features

are the three primary resonant peaks occurihg at 113 cps, 210 cps

and 518 cps. The first two resonances correspond to the first and

third panel modes, and thus indicate that the panel is driving the

cavity at these frequencies. The resonance at 518 cps is the

fundamental cavity mode. Notice that this modeoccurs above the

frequency at which the panel becomesmotionless (500 cps), and thus,

in effect, the cavity is acting as a rigid cavity with no flexible
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walls. Theoretically, since the panel is motionless, the pressure

level difference between the external and internal measurements

should be zero. Notice that this is practically the case in

Figure 9, the slight variation from zero due to the very slight

motion of the panel at this frequency. Notice also that, as with

the panel amplitude, the greatest cavity response occurs at the

panel fundamental frequency, with the second greatest response

occurring at the cavity fundamental frequency.

2.4 Damping Ratio Measurement

The damping ratios of the panel and cavity can be measured

experimentally in two different ways: the first, by using an

oscilloscope and what is termed the "peRk method", and the second,

by using an oscillograph and what is termed the "decay method". (16)

The peak method determines the damping ratio from a plot of

amplitude vs. frequency at a resonance. See Figure lOa. It

can be shown that for small damping, at a point where the amplitude

is IJ2-times the resonant amplitude, that Am = 6_ _ where 6 is
o

the logarithmic decrement {= log x /x ), and where m is the
1 2 o

resonant frequency. If we consider a simple spring-mass-damper

system, the equation of motion for free vibration is

0!

Y,. + =o

If we define n _ c/2 and p2 _ k, then the equation of motion becomes
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Now, the general solution to this equation is

where c and c are constants. The physical significance of this
1 2

solution depends on the relative magnitudes of n2 and p2. When

= , _ n. Thus fromn2 p2 the system is critically dampedand nc

Figure lOb, one can show that

Y'--k'= e_

w
m

Now, since %_ [0%_7. ' then

If we assume small damping, so that n < < nc, then

However, from before we know that

_-_ _/Xa° /cOo



-16-

thus :

This peak method, although fairly easy to use, is hard to measure

for very small damping ratios where there is error in measuring

the width of the resonant peak which is very narrow. Therefore,

this method was used only to check the second method of measurement,

the decay method, and not to obtain precise numerical results.

The decay method determines the damping ratio from a plot of

amplitude versus time. See Figure lOb. If the amplitude of the

initial pulse is x and the amplitude of the mth pulse is xm,1

then, setting t E O:
1

or

w

and thus:

As mentioned previously, the decay method was the method used

to experimentally determine damping ratios. The actual measurement

of damping ratios was as follows: using an oscillograph, a plot of

amplitude vs. time was obtained. As the oscillograph was recording,



-I?-

the voltage to the loudspeaker was cut off, thus eliminating the

external sound field, and the classic exponential decay plot

was obtained. Then, the decay method formula was used to compute

damping ratios.

Figure II, plots the damping ratio of the panel with a 12"

deed cavity as a function of frequency. The experimental points

were measured at the first, third and fifth panel modes for this

panel - cavity configuration. The curve obtained is consistent

with a theoretical model, which says that for damping that is

proportional to panel velocity, the damping ratio varies as the

inverse of the frequency. (9) The slight variation from theory at

the higher panel frequencies is probably due to coupling between

the panel and cavity modes.

Figure 12, plots the damping ratio of the cavity (12" depth)

as a function of frequency. The experimental points were measured

at the first, second and third cavity depth modes. The curve

obtained suggests that the cavity damping ratio at a constant

cavity depth varies as the inverse of the frequency squared. This

result is inconsistent with Sheshadri, (I0) concerning the damping

of Helmholtz resonators, and also does not agree with the variation

of panel damping with frequency at a constant cavity depth. As

yet, no explanation can be given for this damping result, other

than to conclude that such a result seems to indicate a more complex

damping mechanism than that of the panel. For the panel, the

damping was assumed to be proportional to the velocity of the panel.

For the cavity, such a simple relationship cannot be assumed.
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III. EXPERIMENTALRESULTS

Having reviewed the results of previous research, and

having discussed the experimental apparatus, one may now proceed

to the results of the present work. The present research, for

the most part, deals with measurementsof panel amplitudes and

cavity pressures, along with measurementsof someof the panel-

cavity interation mechanismsdiscussed previously. In addition,

somemeasurementsof panel and cavity damping ratios have been

included to supplement and help explain the panel amplitude

and cavity pressure measurements.

3.1 Panel Frequency Response

Since the panel-cavity system being discussed is an integrated

system, one must investigate the coupling effects between the panel

and cavity. Previous work seems to indicate that the cavity effect

on the panel will become more pronounced as the cavity depth

decreases. (6) This fact is apparent in Figures 13 and 14. In

Figure 13, the panel deflection, normalized about the mid-point

of the panel, has been plotted against the panel length, normalized

with the total panel length, for the fundamental mode of the

panel backed up by a 12" and a 2" deep cavity. Figure 14, plots

a similar response, only normalized about the one-third point of

the panel, for the third panel mode. These graphs depict the

effect of intermodal coupling at shallow cavity depths. The panel

response at the 12" depth for both the first and third panel modes
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is very close to the "in-vacuo" curve given by Dowell and Voss, (4)

indicating that, for the panel size investigated here, a 12"

deep cavity approximates an infinite cavity fairly effectively.

For a cavity depth of 2", the modeshapes vary considerably.

In the case of the panel fundamental mode, the response is more

concentrated about the center of the panel than for the 12" depth

case. The response can be seen to be approaching the shape of

the third mode, indicated intermodal coupling at this shallow

cavity depth. Indeed, if the cavity was mademore shallow, the

panel fundamental modewould take on the modal pattern of the

third modeby having two nodal points. (4'6) For the third panel

modeat the 2" cavity depth, the change in modal shape is less

dramatic. However, there is someeffect, especially around the

mid-point of the panel, and this measuredeffect corresponds to

the results of Dowell and Voss. Again, is the cavity were made

more shallow, the effect would be more dramatic with the probable

elimination of all nodal points, (4'6) indicating intermodal coupling

between the first and third panel modes.

Aside from affecting the modeshapes of the panel, the cavity

also affects the natural frequencies of the panel due to the

stiffness and virtual mass effects discussed previously. In Figure IS,

the panel fundamental frequency is plotted against cavity depth.

Note that, as the cavity depth decreases, the panel fundamental

frequency increases from 112.8 cps to 137.0 cps. This increase in

frequency is an excellent example of the stiffness effect, for, as
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the cavity depth is decreased, the cavity becomes stiffer, thus

raising the panel natural frequency. Figure 16, plots the panel

frequencies vs. cavity depth for the third and fifth panel modes.

Note that there is apparent a slight stiffness effect on the third

mode, and the lack of any stiffness effect on the fifth mode.

In fact, the fifth panel mode displays features of the virtual

mass effect, for as the cavity depth decreases, the natural frequencies

decrease also. This fact also indicates that the virtual mass effect

is present in symmetric panel modes, and not just in the antisymmetric

modes. The frequency response for the third and fifth panel modes

is consistent with theory, which states that the stiffness effect

becomes less for the higher symmetric modes and that the virtual

mass effect is present in all modes. (4)

In order to compare theory and experiment, a twofold method

of computation must be used. First, the panel natural frequencies

must be computed for the infinite cavity, or "in-vacuo", case.

Second, these computed values of the panel frequencies must be

modified to consider the effects of a cavity on the panel.

The method chosen to compute the panel "in-vacuo" frequencies

was discussed by Warburton. (17) Starting from the plate equation

. o

and using a Rayleigh-Ritz method, assuming that the waveforms of

plates and beams are similar (i.e., for all edges clamped, the
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waveform is assumed to be the product of the characteristic functions

of two beams with fixed ends), Warburton obtains an approximate

formula expressing the plate frequency in terms of the boundary

conditions, the modal pattern, the plate dimensions, and the

constants for the material. Although this method is essentially

a one mode approximation, and therefore, less accurate than some

of the more exotic methods, it lends itself well to the computation

of panel modes in our case, including the higher panel modes.

For a panel clamped at all four edges, the natural frequencies may

be computed by:

where K
mn

are the non-dimensional panel frequencies, and
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Dowell and Voss (4) have originated a method for computing

the effect of a Cavity on the vibrations of a panel. Using the

acoustic wave equation and the boundary condition that there is

no movement of the cavity walls except for the panel, and assuming

a cosine series expansion for the panel deflection, the velocity

potential is computed. Then, using the plate equation, expanding

the panel deflection in terms of the characteristic functions for

a clamped plate, and using Bernoulli's equation for the back

pressure on the panel, an equation is obtained for the panel

natural frequncies by using Galerkin's method. Given is a one

term solution for the fundamental panel frequency, and a two term

solution for both the fundamental and third panel frequencies.

One term solution:

Two term solution:

=(D
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In Figure 17, the ratio of panel frequency to "in-vacuo"

panel frequency is plotted against a/d, in order to obtain theoretical

points at d = -. As mentioned previously, the "in-vacuo" panel

frequencies were computed from Warburton's theory, (17) and the

panel frequencies' variation with cavity depth were computed from

Dowell and Voss' theory. (4) Notice that there is excellent agreement

between theory and experiment at the large cavity depths, with

some variation from theory occurring at shallow cavity depths.

This agreement between theory and experiment seems to indicate

that below an a/d of i0, for a panel with similar size, thickness

and material properties as the one investigated in this report,

a one-term approximation to the panel natural frequencies may be
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used to within good accuracy. For a/d > I0, higher term approximations

must be employed. In general then, for Xca/d > lO,000 (and a/b = 2)

higher term approximations must be used to compute panel natural

frequencies.

3.2 Cavity Frequency Response

The cavity also responds in certain characteristic modes.

Theoretically, at low frequencies below the cavity fundamental,

the cavity pressure should be constant with cavity depth since

the cavity is responding in its "zeroth" mode. Figure 18, plots

the cavity pressure, normalized with the external pressure, versus

cavity depth at the panel fundamental frequency. Apparent, is

the fact that the cavity pressure distribution is not exactly

constant, but displays another waveform. Since the panel fundamental

(112.8 cps) is well below the cavity fundamental (518 cps), the

response should be constant. This variable response could be due

to the nonrigid cavity walls (since the panel is moving greatly),

or perhaps some coupling with other cavity modes.

Figure 19, plots a similar normalized pressure distribution

at the cavity fundamental depth frequency. Theory predicts that

the cavity should respond in a cosine mode, with the internal

and external pressures equal at the top and bottom of the cavity,

and with the response undergoing a phase shift with cavity depth.

Note that the experimental pressure distribution in the cavity at

the cavity depth fundamental follows the theoretical cosine curve

fairly well except at the deepest part of the cavity. The pressure
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reading at this depth is probably due to slight movementof the

cavity base. Onewould expect good agreement with theory at this

frequency, since the panel is moving very little, as can be seen

in Figure 8.

The pressure distributions at shallow cavity depths were

not determined since, at these shallow depths, the size of the

microphone becameon the order of the cavity depth, and thus true

readings could not be obtained. However, at a cavity depth of

4", there was a phase shift at the fundamental cavity depth mode,

indicating that perhaps the cosine mode shape predicted by theory

is valid at this cavity depth also.

As the cavity depth decreases, there will be an effect on

the cavity natural depth frequency. Thesolution to the wave

equation can be given in terms of the speed of sound in the cavity,

the physical dimensions of the cavity, and the mode being considered: (1)

If we consider only the fundamental depth mode (J=K=0), this

equation reduces to:

This equation is plotted in Figure 20, along with the experimental

points. Note that the experiment agrees quite well with theory,
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with the slight variation probably due to a slight variation in

cavity depth (due to the rubber gaskets), and perhaps some movement

of the panel. However, one may conclude that, for frequencies

above the cavity fundamental depth mode, the effect of the panel

on the frequencies of the cavity is negligible.

3.3 Panel Displacement and Damping Effects

In Appendix C, the basic theory concerning the coupling of

panel and cavity is outlined. From that theory, some basic, one-

term approximations for the panel displacement and cavity pressure

may be computed. Using such a one-term approximation, one may

easily compute the relationship between panel displacements at

various cavity depths, in terms of the panel natural frequencies

and panel damping ratios:

where a is the panel amplitude, _ is the panel damping ratio,

is the panel natural frequency, and the superscripts d and d
1 2

refer to the various cavity depths. Thus, it is apparent that,

aside from panel natural frequencies at the various cavity depths,

a knowledge of the panel damping ratios at these various depths

is needed. Notice also, however, that, if the panel damping ratio

was constant with cavity depth, the ratio of panel amplitudes at
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various depths would depend only on the ratio of natural frequencies

squared. This however is not the case, for, at the very least,

there will be some effect on the panel damping ratios due to the

increase of the panel fundamental frequency with cavity depth.

There are three types of damping that will be referred to

throughout the rest of this report: constant damping, frequency

damping, and experimental damping. Constant damping is the

damping ratio obtained if one assumes that there is no variation

of panel damping ratio with cavity depth. Frequency damping is

the damping discussed previously in which the panel damping ratio

was measured at a 12" cavity depth for various panel resonances.

Thus, the only effect varying this type of damping is the variation
i

of frequency. And experimental damping _s the damping ratio

measured experimentally for the exact conditions under investigation.

Thus, experimental damping takes into account frequency variations,

and depth variations.

Figure 21, plots the panel damping ratio due to the effect

of increasing frequency alone, and from experiment. Note that the

frequency effect forces the panel damping ratios lower, whereas, the

experimental damping ratios are higher, as the cavity depth is

reduced. The reasons for this behavior are not readily apparent;

however, it is felt that, if there were some leakage from the cavity

thus creating more losses in the system, the effect would be to

make the panel respond less ideally, i.e., to increase the damping

ratio. Preliminary experiments have pointed out that the cavity

pressure increases with a decrease in cavity depth. Thus, if there
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were a leak present, the effect would be greatest at the shallow

cavity depths. This reasoning is consistent with the experimental

results depicted in Figure 21.

Figure 22, plots the experimental damping ratio for the third

and fifth panel modes, along with the damping ratio due only to

the frequency effect. Note that a similar result to that of the

fundamental mode is apparent, i.e., the experimental damping ratios

are greater than that due to the frequency effect. However, the

effect is less apparent for the higher panel modes, indicating

that the effect of damping variation on panel modes, is less

critical for the higher panel modes than it is for the fundamental

panel mode. Since panel damping has been shown to be proportional

to the panel velocity (and hence, the 1/_ variation), at the

higher panel modes the panel velocity is less than at the fundamental,

and thus the effect of damping is less on higher modes.

Now that the panel damping ratios have been determined, the

theory outlined in Appendix C, may be used to compute a one-term

solution for the panel amplitude, for three cases: constant

damping effect, frequency damping effect and experimental damping

effect. These results have been plotted in Figure 23, along with

the experimental panel amplitudes. Notice that the constant damping

and frequency damping cases predict the correct panel amplitudes

only at large cavity depths; however, the experimental damping

ratios predict the panel amplitudes well throughout the range of

cavity depths tested. From this, one may conclude that, given the
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proper damping ratios, a one-term approximation for the panel

amplitudes is aicurate within the range of cavity depths tested.

Also, one may conclude that damping, and not frequency, is the

critical factor for determining panel amplitudes at various cavity

depths.

A similar result may be seen in Figure 24, where panel

amplitudes for the third and fifth panel modes are plotted for

various cavity depths. Again, the experimental damping ratio

predicts the panel amplitudes more accurately than the frequency

damping effect. The slight divergence from theory at the shallow

cavity depths is probably due to the limitations of one-term

theory for the higher panel modes. For these higher modes,

a higher-term theory must be used with £he correct panel damping

ratios to predict panel amplitudes.

3.4 Cavity Pressures and Damping Effects

As with the panel, the theory in Appendix C, may be used

to compute cavity pressures. Using a one-term approximation

and the theory outlined in the Appendix, the ratio of cavity

pressures at various cavity depths can be shown to be:

where d and d are the two cavity depths, and the other factors
2 1
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are as described previously. Using that previous result, a

simplified form of the above equation is found:

I
w

This equation does not include a term for cavity damping

since the only damping contained in it is panel damping. Neverthe-

less, a knowledge of the damping ratio of the cavity at various

cavity depths would be useful to determine. Figure 25, plots the

cavity damping ratio at the cavity fundamental depth mode for

various cavity depths. Both the experimental damping, and the

damping due to the frequency variation with cavity depth are

plotted. Note that, unlike the case of panel damping, there is

fairly good agreement between experiment and frequency damping,

indicating that frequency is the main consideration when computing

cavity damping ratios.

Again, as with the panel, Figure 26, plots the variation of

cavity pressure with cavity depth for the cases of constant damping

effect, frequency damping effect, and experimental damping effect.

Recall that the damping ratio used in these calculations are the

panel damping ratios and not those of the cavity. Even though

cavity damping has not been considered, there is excellent agreement

between experiment and the experimental damping case. This indicates



that, for the fundamental cavity depth mode, and the range of

cavity depths tested, the use of one-term theory, and only

considering panel damping ratios, will predict cavity pressures

accurately. The cavity pressures at the higher cavity modes were

not measured due to severe coupling of the modes at these higher

frequencies.
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IV. CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

Based on the experimental work presented in this study,

along with the theoretical work presented in Appendix C, the

following conclusions can be drawn:

(I) The experimental apparatus used in this study

and described in this report is satisfactory for studying

sound transmission through a flexible panel into a closed

cavity.

(2) The cavity effect on the panel normal mode

shapes corresponds to the effects predicted by theory.

(3) Both the cavity stiffness effect and the

virtual mass effect are present in a vibrating panel

backed by a closed cavity, with the stiffness effect

being the main effect on symmetric modes. Also, the

stiffness effect is large for the panel fundamental mode

and becomes smaller for the higher symmetric modes.

(4) Present one-term theory, as presented by

Dowell and Voss, (4) is sufficient to calculate panel

frequencies in the range of Ica/d tested (Ica/d f 10,000),

for a/d = 2.

(5) The pressure variation inside the cavity at

the panel fundamental frequency and at the cavity

fundamental frequency is the same as that predicted by theory.
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(6) Panel damping must be taken into account when

determining panel deflections and cavity pressures, especially

at shallow cavity depths.

(7) Present one-term theory is sufficient to predict

panel deflections at the panel fundamental frequency, if

the panel damping ratio for that frequency is known. More

terms are needed to predict panel deflections at the

higher panel frequencies.

(8) Present one-term theory is sufficient to predict

cavity pressures at the cavity fundamental, if panei

damping is taken into account.

(9) The panel damping ratio of the fundamental

mode at various cavity depths does not vary with frequency

in the same manner as the panel damping ratio in various

panel modes at fixed cavity depth (so-called "frequency

damping"); however, the cavity damping ratios maybe

accurately predicted from such a model.

4.2 Recommendations

Based on the studies contained in this report, it is

recommended that further research be performed in three basic

research areas:

(1) A further investigation into the response of a

panel and a cavity to sinusoidal excitation, with special

emphasis on the experimental determination and theoretical

predictions of panel and cavity damping ratios. This study
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could be combined with further computer calculations to determine

panel deflections and cavity pressures at higher frequencies,

along with investigation of these higher, more densely spaced,

modes.

(2) A complication of the problem discussed in this

report, by using random noise excitation for the external

acoustic field. The use of random noise could more closely

predict the response of an airfoil to boundary layer

turbulence. Since a random noise generator can be used

to emit "white noise", i.e., noise with a constant power

spectra, a comparison between theory and experiment would

be easier than reducing the more random data of wind tunnel

results. Some exploratory work has been performed by the

author in this area. Preliminary results seem to indicate

that the response spectra for the panel and cavity are similar

to those given in Figures 8 and 9. Further work at shallow

cavity depths is needed to check the sinusoidal results.

(3) The use of perhaps a sawtooth generator to

approximate a sonic boom time signature, or "N-wave". A

study of this type would mainly be an investigation of the

transient behavior of the panel and cavity. Such a study

could be used to predict the response of a structure to a

sonic boom without the problems of a complex pressure wave

generating device. (18) The use of a more complex structure

with perhaps openings or two flexible walls could be used
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with such an "N-wave" excitation to investigate the response

of buildings more exactly.
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APPENDIX A

Equipment Listing

I. Frequency Analyzer - Bruel & Kjaer, Type 2107

2. Loudspeaker - Electro-Voice, Wolverine LSI5

3. Measuring Microscope - Gaertner Scientific, Catalog No. MI03

e Microphone - Bruel & Kjaer, Type 4136; with Type 2615

Cathode Follower, and Type UA 0035
Connector

S. Oscillator - Bruel & Kjaer, Type 1022

6. Oscillograph - Honeywell Visicorder, Model 1706

7. Oscilloscope - Tektronix, Type 502

8. Panel Motion Pickup - Bently Nevada, Model 302

9. Pistonphone - Bruel & Kjaer, Type 4220

I0. Recorder - Bruel & Kjaer, Type 2305
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APPENDIX B

Calibration Techniques

Aside from the calibration of the equipment used, which

is described in the manuals for each piece of equipment, there

are two basic calibrations to be made: calibration of the

microphone system, and calibration of the plate-pickup system.

See Appendix A, for all equipment mentioned.

Calibration of the microphone system is a relatively

simple operation. The sound pressure level measured on the

meter of the Frequency Analyzer is the simple addition of the

indicated dB on the meter (dBM) , the setting of the meter

dial (dBMR), the setting of the range multiplier dial (dBRM),

and the "K" factor for the particular microphone-cartridge

unit used. In the present case, the "K" factor was

K = + 35.9 dB.

Since the present analysis makes use of a Graphic Level

Recorder to record results, the technique for calibration is

slightly different. Instead of using the meter reading of

the Frequency Analyzer, the number of dB indicated by the stylus

deflection of the recorder is used. Thus, the sound pressure

level is the addition of the reading on the recorder (dBR) , the

setting of the meter range dial (dBMR), and the setting of the

range multiplier dial (dBRM).

To check this result, a Pistonphone was used. This device
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puts out a constant tone of 124.0 dB at Z6Ocps. Using the

calibration technique outlined in the previous paragraphs, the

sound level was found to be 2.4 dB high. Thus, for calibraiton

of the microphone:

The calibration of the plate pickup system is more complicated,

since the recorder is calibrated in dB, a logarithmic scale, and

panel deflections are normally in inches, a linear scale. To

alleviate this problem, a two part technique was used for

calibration. First, the plate pickup was calibrated to an

oscilloscope, taking advantage of the fact that the voltage

reading of the oscilloscope is a linear scale, as are deflections.

And then, the voltage reading of the oscilloscope was calibrated

with the Graphic Level Recorder.

To calibrate the pickup with the oscilloscope, a static

deflection technique was used. The pickup was set a distance, d
O'

away from the panel using feeler gauges, and was connected to

the oscilloscope to form a "base" reading. Then, the cavity was

pressurized, allowing the panel to bulge outward a certain

amount measured again by feeler gauges. This bulging of the panel

caused a static deflection of the "base" reading on the

oscilloscope. Thus, the difference between the two pickup

measurements in inches could be compared to the voltage variation

on the oscilloscope. This technique was used at various d
O
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settings and for various panel static deflections. These deflection

measurements were later checked optically, using a Measuring

Microscope, thus verifying the data. Also, a dynamic check of

panel deflections confirmed the authenticity of the static results.

The use of a measuring microscope was tried to visually measure

deflections; however, correlations between measurements obtained

from a vibrating bar and measurements of the vibrating panel

were poor.

Having obtained a plot of panel deflection versus oscilloscope

voltage, the next step was to correlate panel deflection with

the Graphic Level Recorder. The panel was excited with an external

field of I00 dB at the panel center. From the previous calibration,

a deflection of .0079" was noted on the oscilloscope. This

deflection was then recorded so that the total dB (dBT) recorded

on the Graphic Level Recorder could be calibrated with panel

deflections. This procedure was used for various pickup spacings,

do , and panel deflections, _ . The calibration curves are shown

in Figure 27, where

&%x -- .

To insure that the pickup was spaced exactly the same distance

above the panel for each run, the measuring microscope was used to

correlate pickup spacing, d , with static deflection on the
o

oscilliscope. Thus, feeler gauges were not necessary to set pickup

spacing. The calibration curve is shown in Figure 28.
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APPENDIX C

Panel-Cavity Interaction Theory

d

The model to be considered, shown in Figure I, is that of

a rigid rectangular cavity with one flexible wall. Assume that

the motions of the panel are sufficiently small so that the

linearized form of the equations of motion may be employed.

Needed will be three basic equations:

_Lcr

external

CC-1)

o
(C-2)

CC-S)

which are the plate equation of motion, the cavity equation of

motion, and the pressure-velocity potential relation respectively,

along with the boundary conditions for clamped edges:
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(a)
- 0 Ow, %/..--O) 0,..

(b)
O O_A t_- O,

(C-4)

(c) b_ = o oxtx :=._.=

(d)
"_4___ "_- Okl', _.----0

Now, let

(c-s)

where

(_-_ _
= CoS O_ C_O_ o,.

[ ,.
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are appropriate to clamped edge boundary conditions.

Substituting (C-5) into (C-I), multiplying through by

_(_ _b and integrating over the plate area, (C-l),

becomes (in non-dimensional terms)

(C-6)

where

(C-73
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Defining

%

then (C-6) may be rewritten as

_, % , _ %

(c-9)

external
Now, note that Qrs maybe determined from (C-8),

given Pexternal' but the evaluation of (_a% will require

more computation. Re-expanding the plate motion in terms of the
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cavity modes, i.e.,

L_7.

L _

(C-10)

and considering a single plate mode, i.e.,

then we may obtain

(C-11)

Expanding _c similarly

(c-12)

Using (C-12), (C-2) becomes

_ C-(_-_ _- (C-13)
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and (C-4) becomes

<

with (C-4), (a) and (b) identically satisfied by (C-12). Taking

a Laplace transform with respect to time, (C-13) becomes

w

Z

_L
(c-zs)

where

o<i - _-J -CJ
(C-16)
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and (C-14) becomes

=L= -- _k

(c-1_)

The solution to (C-15) is

Dsing (C-17) to evaluate _ %_ and

and using (C-3)

(c-19)
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where

LT_y- in 5 (c-20)

Inverting (C-19) and non-dimensionalizing

,9, _o _q:"

(C-21)

where

N
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The evaluation of _k is considered by Dowell.(12)

using (C-20) and (C-7)

Finally,

2=o

(C-23)

o o

Furthermore, using (C-ll) and (C-21), (C-23) can be written

_J_.'_. _, £ (C-24)

• f _o_,t_-_'_

where

(9

0
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For shallow cavities, a/d >> i, there is a simple approximation

to (C-24) that is considered by Dowell. (12) It corresponds to

:A o

Then (C-24) becomes

(C-26)

Finally, consider the pressure distribution in the cavity. Using

(C-If), (C-20), and (C-21) and summing over all plate modes

(C-27)

Making the same approximation mentioned previously, (C-24) may
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be written

(C-28)

The one mode approximation considered in this report is a

simplification of the equations discussed in this appendix.

corresponds to _:w= _ _ _= _ = \ > C= _ = 0 .

(C-9) becomes

It

Then

(C-29)

where

(c-3o)
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When a/d >> I, the assumption can be made that

then (C-29) becomes

L = "..X g:--O

Let

E,- c',,cl,. _ (..°-I,_Y-c,",c"k,.. "k,,

ut---?

then (C-31) becomes

OL,,E_ _ Z &-q-,,
(c-s2)
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Assume

--- d;_ e (C-33)(::::__

then

_...._'C.(C-34)

and

(c-_s)

At resonance

Thus, since

^ \_, l

then

O_, 2L_ at resonance (c-_6)



C-14

Finally, ratioing two amplitudes at two different cavity depths,

(C-36) is used to develop the required result:

Now, for cavity pressures, consider (C-27) with the

assumptions of (C-33) and (C-34), and the assumption that a/d >> i.

Then (C-27) becomes

(c-37)

Combining (C-36) and (C-37):

A

(c-:_8)

!
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As before, ratioing two cavity pressures at two different

cavity depths, (C-38) is used to develop the required result:

where


